The growth of individual trees in a forest is affected by many factors, a crucial one being the intensity of competition among trees, because it affects the spatial structure of the forest and is in turn influenced by silvicultural practices. In a mixed forest in particular, the growth of trees is affected by multiple interactions. To analyse the competition between moso bamboo (Phyllostachys pubescens (Pradelle) Mazel ex J.Houz.) and broad-leaved trees in a mixed forest, data were extracted by sampling six spots within such a forest using terrestrial laser scanning (TLS). The convex hull algorithm was used for calculating the overlap volume between the crowns of the broad-leaved trees and the bamboo canopy. Bamboos growing at least 3 m away from any of the broad-leaved trees were the most numerous and the diameter at breast height (DBH) is larger than those growing closer than that, which suggests that broad-leaved trees suppressed the growth of bamboo if they are closer but promote it beyond 3 m up to a point at which the distance is too great for any such effect. The modified Hegyi's competition index was constructed based on the canopy factor, which may better describe the competitive interaction among the trees and bamboos. Using TLS can enhance our understanding of the competition among trees in mixed forests and help in planning the spatial structure of such forests in general and provide a benchmark for choosing planting distances in particular.
Introduction
Moso bamboo (Phyllostachys pubescens (Pradelle) Mazel ex J.Houz.) is extensively distributed in south-eastern and southern Asia, important to the global carbon cycle and water conservation, and also an important forest species because it grows fast and has a short life cycle. Bamboo is well known for rapid accumulation of biomass, high annual output of timber, and as a source of food in the form of tender bamboo shoots. Improving the operating efficiency and economic returns from bamboo forests is, therefore, important, which among other things, requires suitable methods to examine and monitor bamboos growing in forests-methods that are efficient, feasible, and accurate. Traditional ways of managing forests of pure bamboo have resulted in the decline of the sites of such forests, lower soil fertility, and increasing damage by pests and diseases, whereas many recent studies have shown that mixed forests comprising bamboo and broad-leaved trees are conducive to maintaining ecosystem balance, improving stand structure, and increasing soil fertility [1] . Studying the relationship between broad-leaved trees and bamboo in such mixed forests will help to manage them efficiently and to obtain higher economic returns.
broad-leaved trees, such that no spot was closer than 20 m from any of the other plots. Care was taken to ensure that no sample was affected by any broad-leaved trees outside the sampled area. The forest patches selected in this study had received only low-intensity management and the soil throughout the site was homogeneous.
Terrestrial Laser Scanning (TLS)
A TLS system comprises a laser ranging subsystem and a scanning subsystem, together with a charge-coupled device (CCD) for digital photography and an internal control and correction subsystem, and can acquire complete 3D point-cloud data, simulate a real scene in three dimensions, and construct a virtual 3D model of the observed object. In TLS, distances are measured mainly in two ways, namely a time-of-flight measurement (ToF) and a phase measurement (PS). The first method measures the distance by noting the time taken by an emitted signal pulse to return to the point of its origin after being reflected by the distant object and is based on the speed of light. The method is effective for distances from a few hundred metres to several kilometres but is less accurate for greater distances than for smaller distances. The second method uses continuous high-frequency emissions of laser beams and beam amplitude modulation for measuring distances and is accurate to the nearest millimetre for distances up to 100 m ( Table 1) . Table 1 . The classification based on the different distance principle.
The Principle of Scanning Ranging Rang (m) Data Accuracy (mm) Instrument
Time-of-flight (ToF) ≈1000 >10 Riegl, Leica, Trimble Phase measurement (PS) <100 <10 Zoller + Froehlich, IQSun TLS is a non-contact active measurement system that calculates the distance between the instrument and the target, the horizontal scan angle, and the vertical scan angle by emitting a laser pulse from a laser pulse diode and receiving the reflected laser pulse from the detector. In the present study, we used a Trimble TX8 3D scanner (Trimble, Sunnyvale, CA, USA) mounted on a tripod at a mean height of 1.3 m above the ground, resulting in a 360 • horizontal field of view and a 317 • vertical field of view, which were scanned at the rate of one million measurements in about a second. The instrument can complete the scans in a short time and is highly accurate within a range of 300 m. The maximum range can be set to 120 m, which corresponds to a scanning time of 2 or 3 or 10 min, or to 340 m, which corresponds to a scanning time of 14 min. Table 2 gives more details about the instrument's performance. 
Methods

Data Collection and Data Processing
To scan six samples in a multi-scan mode, one station was located at the centre of a given spot and multiple stations were set around the centre. The maximum measurement distance of the scanning station was set to 120 m and the scanning time was set to 3 min. The point-cloud data of the sample were divided with reference to the sample boundary. In all, six samples were measured with 4-6 separate scanning positions. Figure 1 shows a sample, which displays the point cloud extracted by different scanning stations in different colours.
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Parameters
The positions of individual trees and their DBH were fed into a software package, namely Simple Tree, which can build accurate tree cylinders from such data obtained by TLS [21] . We determined the ground and vegetation points from the original point cloud and then built a digital terrain model (DTM, which yields a digital expression of the morphology of terrain surface from data on various attributes of the terrain) along the Z axis [22] . Next, we sliced the vegetation point cloud along the Z axis in threshold of 1 cm; grouped the point clouds separated by 3 cm or less into the same group; and combined the point clouds within each group into a circle by the least squares method. In the third step, we aggregated the fitting circle virtually, which intersected the horizontal and the vertical directions within distances shorter than 50 cm. The penultimate step was to build a skeleton for each virtual part and merge the parts within a horizontal distance less than 50 cm. Finally, we selected the virtual trunk for circle fitting and for calculating the DBH based on the DTM [7] .
In matching the shape of an object, the convexity defect of the tree as an object can be established by using the convex hull. A similarity analysis can then be performed on the two intersecting objects [23] . The convex hull algorithm was used in the present study to obtain the crown profile, and the canopy part and the threshold layer (0.5 cm) were then extracted. The projected area of the canopy at each level was calculated based on the formula for calculating the area of a polygon, and each projection area was multiplied by the corresponding height to calculate the volume of the crown.
Crown Competition Index (CCI)
A competition index, which reflects the relationship between the demand of trees for resources and the ratio of trees to resources under realistic circumstances, can be divided into two categories: distance-dependent and distance-independent. The Hegyi competition index is the most commonly used model of a competitive index, and most of the existing competitive index models are derived from this index. The index is calculated by using Equation (1), as follows:
where CI j is the competition index of target tree j, D j is the DBH of target tree j, D i is the DBH of competitor i, L ij is the distance between target tree j and competitor i, N is the number of competitors, i is the serial number of the competitor, and j is the serial number of the target tree. The Hegyi competition index uses the ratio of the distance between an object and its competitor and the diameter of the object to reflect the competitive pressure on the individual object (tree). Three features of this competition index make it a good indicator of the intensity or strength of competition: (1) the distance between trees and their diameter at breast height (DBH) can be measured accurately; (2) the ratio of the DBH ratio of the object to that of its competitor can reflect the ratio of the canopy; and (3) the distance between trees can reflect the relative space occupied by individual trees.
Since the DBH in bamboos does not keep increasing throughout the life of the plant, it is difficult to derive a competition index based on such relatively static growth parameters as DBH and base area. Because the canopy size of trees is closely linked to their ability to obtain resources, a competition index that takes into account the characteristics of the crown is more suitable for expressing the competitive pressure on bamboo and was, therefore, selected for the present study.
The commonly used Hegyi competition index cannot represent accurately the ability of a canopy of a broad-leaved tree or that of a bamboo to acquire resources. However, this shortcoming can be overcome by combining that index with canopy characteristics of plants that make up a forest mixed of bamboo and broad-leaved trees. The Hegyi competition index was thus improved upon by incorporating additional data on tree height, crown surface area, crown volume, and canopy overlap to construct a model that represents the canopy pressure found in mixed forests more accurately. The modified model is represented by Equation (2), as follows:
where H j and H i are the heights of bamboo and broad-leaved trees, respectively; D j and D i are the DBH of bamboo and broad-leaved trees, respectively; V I is the overlapping volume; V I ij is the overlapping volume of the broad-leaved tree canopy and bamboo canopy; n is the number of bamboo overlapping with a broad-leaved tree; i is the serial number of a broad-leaved tree; and j is the serial number of the bamboo plant. It is clear that the greater the overlapping volume of the canopy, the higher the CCI, the greater the competition between a broad-leaved tree and the bamboo. The convex hull algorithm was used for calculating the overlap between the crowns of the broad-leaved trees and the bamboo canopy. Figure 2 is a flow chart of the process of extracting the overlapping volume.
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Results
Using multi-station scanning to extract the original point-cloud data in the sample plots and splicing the data for each sample gave an overall recognition rate for trees of 97.71%, while the single station recognition rate is 82.56% (Table 4) . These results show that the values of the DBH as estimated by TLS were similar to those arrived at through artificial measurement. 
Number of Bamboos in Circles of Different Radii
There were more bamboo at locations farther than 3 m from any broad-leaved tree than at locations up to 3 m from it. In the concentric circles of different radii around a given broad-leaved tree, the number of bamboos increased from 0.9 when the radius was 1 m to 4 when it was 2 m; similarly, the number increased from 9.8 at a radius of 3 m to 37.2 when it was 6 m. The threshold radius appeared to be 3 m: the number of bamboos increased faster when the radius was less than 3 m than when it was more than 3 m (Table 5 ). With a broad-leaved tree at the centre of a circle, the number of bamboo per unit area within circles of increasing radii was as follows: 0.29 at a radius of 1 m, 0.33 at 2 m, 0.37 at 3 m, 0.32 at 4 m, 0.35 at 5 m, and 0.30 at 6 m ( Figure 3 ): the number per unit area was the smallest when the radius was 1 m and the largest when it was 3 m; beyond 3 m, the number tended to be stable. 
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Number of Bamboos in Circles of Different Radii
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Diameter at Breast Height (DBH) in Circles of Different Radii
The same pattern was observed with the average DBH: within 3 m, the farther the bamboos were from a given tree, the larger the DBH; however, beyond 3 m the average DBH of the bamboos tended to be stable. The average DBH of bamboo growing within 1 m of a broad-leaved tree was 6.6 cm but the average value increased rapidly to 9.7 cm-a growth rate of 38%-as the distance increased and peaked at 9.8 cm, when the distance was 3 m, only to decrease to 9.7 cm as the distance increased beyond 3 m. A broad-leaved tree seems to have an adverse effect on the growth of bamboo when the distance between the two plants is less than 2 m, a beneficial effect when the distance is 3 m, and almost no effect when the distance exceeds 4 m (Figure 4) . In percentage terms, the number of bamboos per unit area increased steadily at a rate of 13.8% as the radius increased from 1 m to 3 m but began to decline as the radius increased beyond 3 m (Figure 3 ).
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Crown Overlaps
Data from sample 1 were used for analysing the competition between crowns of adjacent trees. Field investigations showed that broad-leaved tree No. 4 was deadwood whereas No. 5 was young and its canopy level was below that of the bamboo canopy. Therefore, these two trees were excluded while calculating the canopy competition index. The basic situation of broad-leaved trees in sample 1 is given in Table 6 . Results of using the convex hull algorithm to extract information on the overlap between canopies of three broad-leaved trees and the bamboo canopy are shown in Table 7 . The crown of tree No. 1 was the smallest, but its overlapping volume and the extent of intersection of its surface with 
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Crown Overlaps
Data from sample 1 were used for analysing the competition between crowns of adjacent trees. Field investigations showed that broad-leaved tree No. 4 was deadwood whereas No. 5 was young and its canopy level was below that of the bamboo canopy. Therefore, these two trees were excluded while calculating the canopy competition index. The basic situation of broad-leaved trees in sample 1 is given in Table 6 . Results of using the convex hull algorithm to extract information on the overlap between canopies of three broad-leaved trees and the bamboo canopy are shown in Table 7 . The crown of tree No. 1 was the smallest, but its overlapping volume and the extent of intersection of its surface with the crown of the bamboo were almost the same as those of trees No. 2 and No. 3, which indicates that the crown of No. 1 was more extensively bifurcated. 
Crown Competition Index (CCI)
As the average competition index of the broad-leaved trees increased, the number of bamboos covered by the projecting canopy decreased significantly. Although the crown volume of tree No. 1 was much smaller than that of tree No. 2 and tree No. 3, the values of their crown competition index (CCI) were very close (Table 8) . It can be seen from Table 7 that the volume and surface area of the crowns of the three broad-leaved trees are roughly the same, which is why their CCI values were similar. As the DBH of the broad-leaved trees kept increasing, so did the values of CCI between them and bamboo (Table 8) . 
Discussion
Competition is one of the most basic relationships between individuals [6] , and intraspecific competition is normally greater than interspecific competition [24] , which suggests that competition between bamboos should be greater than that between bamboos and broad-leaved trees-results from the present study provide an insight into how the latter influenced the growth of bamboo. We found that broad-leaved trees had suppressed the growth of bamboo growing closer than 3 m, but promoted it when the distance was greater than 3 m up to the point at which it exceeded the range of influence of the broad-leaved trees (Figures 3 and 4 , Table 5 ). As we observed, bamboos with the largest DBH were found 3 m away from broad-leaved trees. Due to the cover provided by the canopy of broad-leaved trees, bamboo cannot grow normally with insufficient lighting, when the distance is less than 3 m because it cannot get enough sunlight. The average DBH of bamboo increases initially and then stabilizes at distances farther than 3 m. The amount of photosynthetically active radiation can characterize the intensity of competition well [25] . There is no parameterization for canopy characteristics of broad-leaved trees and bamboo. Therefore, the current study provides new tools to evaluate these effects. Because the broad-leaved trees formed canopies that permitted more sunlight to filter through them, it compensated to some extent for the light blocked by the overlapping canopies and thus promoted the growth of bamboo [26] . These observations suggest that the main factor affecting the growth of broad-leaved trees and bamboo is light. Under the canopy of broad-leaved trees, bamboo showed almost no growth, except under gaps in the canopy. However, when sufficient light was available, the litter of broad-leaved trees serves as a source of nutrients for bamboo growing around the edges of the canopy; as a result, bamboo grows better. Therefore, in analysing the competition between bamboo and broad-leaved trees, we need to take into account not only the spatial structure of the canopy but also the availability of nutrients below the soil surface.
Differences in crown shapes, canopy efficiency, and the extent of space occupied change the intensity of competition among trees [27] . The survival environment and the living space occupied by an individual tree are good indicators of competition. The three most important factors that determine the extent of competitive pressure exerted by the canopy on the nearby trees are (1) canopy size, which determines the size of the overlapping area and the projected area, (2) tree height, which determines whether the canopy can project into the space to cast a shadow over nearby plants, and (3) the distance between adjacent canopies, which directly determines the degree of competition between trees.
The competition index based on features of the canopy correlated better with the crown than the simple model did [26, 28] . In many tree species, the DBH is closely correlated to tree height and crown shape [29] . Compared to the DBH, features of the canopy (tree height, projected area, etc.) have less influence on the competition whereas the DBH is often directly related to the competitive ability of a tree. The diameter and distance, which are used by the distance-dependent Hegyi competition index, are easy to measure, and the results are highly reliable. However, the overlap volume between the canopies of broad-leaved trees and of bamboo is also a matter of distance in some sense. Therefore, a competition index that considers the canopy is also a distance-dependent competition index. In the present study, the greater overlapping volume proved better at explaining the degree of competition between broad-leaved tree and bamboo.
Because the sampling spots were selected at random and the sample was small, we could not assess the joint impact of the entire forest. The competition between canopies of a single broad-leaved tree and bamboo has not been studied; therefore, we cannot evaluate the competition between different tree species and bamboo. These two sources of uncertainty have hindered the analysis of the competition between bamboo and broad-leaved trees in mixed forests. Although our data can quantify the effects of broad-leaved trees on the growth of bamboo, their competing relationships cannot be explained at the species level. The effects of different species of broad-leaved trees on bamboo may have superimposed effects. The effects of different species of broad-leaved trees on bamboo may be more complex. Therefore, future research on the competition between bamboo and broad-leaved trees in mixed forests should take into account different tree species to devise better models or at least devise models that are specific to a given tree species and bamboo.
As we found, the complex forest environment led some errors in extraction of TLS point cloud data, which make the average recognition rate of individual bamboo lower than 1, as shown in Figure 5 . A reasonable number and locations of scanning stations will make the forest structure data more accurate than those obtained in earlier studies that used TLS [30] . Although increasing the number of scanning stations can ensure that trees are recognized as such with greater accuracy, the trade-off is that it will take more time to process the data and may lead to redundant data. In the present study, the recognition accuracy of single-station scanning was 82.56% whereas that of multi-station scanning was 97.71%-thus the accuracy of multi-station scanning was much higher. The increasing spatial resolution of laser scanners will also increase the quality of data on structural parameters of forests. Therefore, further research should focus on the development of appropriate methods to assess the quality of such data obtained using TLS.
Conclusions
The growth of individual trees is affected by many factors, especially in a mixed forest. Broad-leaved trees in a mixed forest of bamboo can influence the growth of bamboo and the spatial structure of the forest. In the present study, the average recognition rate of individual bamboos was 97.71%. Broad-leaved trees suppressed the growth of bamboo growing within 3 m from them but favoured the growth of bamboo when it was beyond 3 m. The competition index proposed in the present paper added canopy-related factors to the Hegyi competition index to express the competitive relationship between the trees and bamboo fully and also analysed the competitive effect of the canopy. The revised competition index indicated that large neighbours have a greater influence on the target species than small neighbours do, and the effect is also a reflection of canopy cover and lateral extrusion.
By analysing the entire 3D spatial structure obtained using TLS, we determined the degree of competition between bamboo and broad-leaved trees. These results provide a reference for future research on competition between trees in mixed forests and enhance our understanding of the spatial structure of bamboo and broad-leaved trees in mixed forests. The mix of broad-leaved trees and bamboo in the right proportions will increase the yield of bamboo and enhance the comprehensive effect of such mixed forests. Analysing the spatial structure of these forests helps to explore the patterns of growth, optimize management methods, and increase productivity. However, more accurate algorithms are needed for analysing canopy structure to detect convex and concave pockets in the crown to examine the relationship between the 3D structure of a canopy and its effect on the competition between plants for environmental resources. A reasonable number and locations of scanning stations will make the forest structure data more accurate than those obtained in earlier studies that used TLS [30] . Although increasing the number of scanning stations can ensure that trees are recognized as such with greater accuracy, the trade-off is that it will take more time to process the data and may lead to redundant data. In the present study, the recognition accuracy of single-station scanning was 82.56% whereas that of multi-station scanning was 97.71%-thus the accuracy of multi-station scanning was much higher. The increasing spatial resolution of laser scanners will also increase the quality of data on structural parameters of forests. Therefore, further research should focus on the development of appropriate methods to assess the quality of such data obtained using TLS.
By analysing the entire 3D spatial structure obtained using TLS, we determined the degree of competition between bamboo and broad-leaved trees. These results provide a reference for future research on competition between trees in mixed forests and enhance our understanding of the spatial structure of bamboo and broad-leaved trees in mixed forests. The mix of broad-leaved trees and bamboo in the right proportions will increase the yield of bamboo and enhance the comprehensive effect of such mixed forests. Analysing the spatial structure of these forests helps to explore the patterns of growth, optimize management methods, and increase productivity. However, more accurate algorithms are needed for analysing canopy structure to detect convex and concave pockets in the crown to examine the relationship between the 3D structure of a canopy and its effect on the competition between plants for environmental resources. 
